The continuous growth of rodent incisors requires the presence of stem cells capable of generating ameloblasts and odontoblasts. While epithelial stem cells giving rise to ameloblasts have been well-characterized, cells giving rise to the odontoblasts in incisors have not been fully characterized. The goal of this study was to gain insight into the potential population in dental pulps of unerupted and erupted incisors that give rise to odontoblasts. We show that pulps from unerupted incisors contain a significant mesenchymal-stem-cell (MSC)like population (cells expressing CD90+/CD45-, CD117+/CD45-, Sca-1+/CD45-) and few CD45+ cells. Our in vitro studies showed that these cells displayed extensive osteo-dentinogenic potential, but were unable to differentiate into chondrocytes and adipocytes. Dental pulps from erupted incisors displayed increased percentages of CD45+ and decreased percentages of cells expressing markers of an MSC-like population. Despite these differences, pulps from erupted incisors also displayed extensive osteo-dentinogenic potential and inability to differentiate into chondrocytes and adipocytes. These results provide evidence that continuous generation of odontoblasts and dentin on the labial and lingual sides of unerupted and erupted incisors is supported by a progenitor population and not multipotent MSCs in the dental pulp.
KEY WORDS: murine incisor, dental pulp, dentin, odontoblasts, progenitor.
InTRODuCTIOn
R odent incisors grow continuously throughout the life of the animal. The continuous growth of the incisors requires the presence of stem and/or progenitor cells capable of generating the ameloblasts and odontoblasts that give rise to enamel and dentin. There has been significant progress in the identification of epithelial stem cells residing in the cervical loops of the incisor and the signaling network that regulates their survival, proliferation, and differentiation (Harada et al., 1999; Harada and Ohshima, 2004; Thesleff et al., 2007; Tummers and Thesleff, 2009 ). In cervical loops, slowly dividing epithelial stem cells reside in the Notch1-expressing stellate reticulum, surrounded by a single layer of basal epithelium expressing lunatic fringe (Harada et al., 1999; Harada and Ohshima, 2004) . In the labial cervical loop, the epithelial stem cells proliferate actively, give rise to transit-amplifying progeny, and differentiate into ameloblasts secreting enamel, unlike the lingual cervical loop, which contains fewer proliferating stem cells and does not give rise to ameloblasts or enamel (Harada et al., 1999; Harada and Ohshima, 2004; Thesleff et al., 2007; Tummers and Thesleff, 2009 ). These differences in the labial and lingual cervical loops result in the asymmetric distribution of enamel and provide a mechanism for the wear at the tips.
Elegant series of experiments have indicated that survival, proliferation, and differentiation of epithelial stem cells in the cervical loops are dependent on and regulated by signals from the surrounding dental mesenchyme. FGF signaling originating from dental mesenchyme plays essential roles in proliferation and fate decisions of the epithelial stem cells by regulating Notch signaling (Harada et al., 1999 (Harada et al., , 2002 Harada and Ohshima, 2004; Wang et al., 2007) . In addition, BMP4 and Activin, two members of the TGFβ family of signaling, modulate the expression of Fgf3 in the dental mesenchyme and, thus, regulate proliferation and differentiation of epithelial stem cells (Wang et al., 2004a . Furthermore, genetic studies indicated roles for the Follistatin and Sprouty families of proteins in asymmetric patterning of the enamel in the murine incisors (Wang et al., 2004b; Klein et al., 2008; Boran et al., 2009) .
The continuous growth of rodent incisors is also dependent on continuous generation of odontoblasts and dentin on the labial and lingual sides of the incisors. It has been suggested that these odontoblasts arise from stem cells residing in the incisor dental pulp.
Stem cells of mesenchymal origin were originally isolated from bonemarrow-derived stromal cells (BMSCs) (Bianco et al., 2008) . Bone-marrowderived multipotent mesenchymal stem cells (MSCs), also referred to as skeletal stem cells (Bianco et al., 2008) , have been described as non-hematopoietic, colony-forming fibroblasts that, when transplanted into an animal, formed bone, cartilage, hematopoietic marrow, fat cells, and the stroma that supports blood formation (Bianco et al., 2008) .
The search for identification of "MSC-like populations" in hard tissues has led to their discovery in post-natal human teeth (Huang et al., 2009 ) and pulps of various teeth in animal models, including continuously growing rodent incisors (Yu et al., 2006; Yang et al., 2007a Yang et al., ,b, 2009 Sasaki et al., 2008; Ma et al., 2009; Patel et al., 2009; Alge et al., 2010) . However, the MSClike population in the incisors has still not been fully characterized. Thus, in the present study, we examined and compared the dentinogenic potential, the expression of various surface antigens shown to be expressed by MSC-like populations, and the multipotency of dental pulps of unerupted (P57 mice) and erupted (P18-21) murine incisors.
MATERIAlS & METHODS

Cell Cultures
Pulps from unerupted and erupted mandibular incisors and bone marrow from P5-P7 suckling and P18-21 weanling CD1 mice were isolated and prepared for primary cultures as previously described (Balic et al., 2010) .
Induction and Detection of Differentiated Tissues
Mineralization was induced in all primary cultures by the addition of media containing αMEM, 10% FCS, 40 U/mL penicillin, 40 µg/mL streptomycin, 50 µg/mL ascorbic acid, and 4 mM β-glycerol phosphate to confluent cultures (around day 7), which were then assayed and quantified as described previously (Balic et al., 2010) .
Adipogenesis was induced in primary cultures by the addition of various adipogenic media (0.5 µM rosiglitazone and 1 µM insulin; 1 mM dexamethasone, 0.5 mM IBMX, and 1 mM insulin; and 0.5 mM IBMX, 0.5 mM hydrocortisone, and 60 mM indomethacin) to confluent cultures (Balic et al., 2010) and assayed by Oil Red O (ORO) staining (Balic et al., 2010) .
Chondrogenesis was examined by micromass cultures and media containing a 60:40 ratio of F12:DMEM, 10% fetal calf serum, 2 mM glutamine, 200 µg/mL ascorbic acid, 100 U/mL penicillin, 100 µg/mL streptomycin, and 0.25 µg/mL Fungizone, with or without the addition of 10 ng/ml: of TGF-β3, and examined with Alcian Blue staining (Balic et al., 2010) .
RnA Extraction and Analysis
Total RNA was isolated in TRIzol reagent and processed for RT-PCR with specific primers for GAPDH, osteocalcin (OC) bone sialoprotein (BSP), dentin matrix protein 1 (DMP1), Type I collagen (Col1a1), dentin sialophosphoprotein (DSPP) peroxisome proliferation-activated receptor gamma 2 (PPARg2), fatty acid binding protein 4 (FABP4, also known as aP2), and Type II collagen (Col2a1) (Balic et al., 2010) .
Flow Cytometric Analysis (FACS)
Flow cytometry was done on a BD FacsCalibur cytometer, and data were processed with Cell Quest software and various commercially available anti-mouse antibodies, including CD45.2-Biotin (104), CD117-APC (2B8), Sca1-PE (D7), and CD90/Thy1.2-FITC (53-2.1), as previously described (Balic et al., 2010) . Between 20,000 and 100,000 cells were used for analysis.
Immunocytochemistry
Cultured cells were processed for immunocytochemistry according to an established protocol. Antibodies used were anti-DSP (LF-153, a kind gift from Dr. Larry Fisher) 1:200 diluted in 0.1% Triton in phosphate-buffered saline (PBS) and secondary Alexa Fluor ® 568 goat anti-rabbit antibody. Hoechst 33342 dye was used to stain the nuclei. Endothelial cells in the blood vessels were analyzed with a 1:100 dilution of CD31 antibody (Balic et al., 2010) .
RESulTS
Characterization of Dental Pulp Cells from unerupted (P5-7) Incisors
Freshly isolated DP of the unerupted mandibular incisors from P5-7 mice contained approximately 4.5 x 10 5 ± 0.2 cells per tooth (n = 3), a very low representation of cells with hematopoietic phenotypes (CD45+), very few blood vessels, a high percentage of CD90+/CD45-and CD117+/CD45-, and a low percentage of Sca-1+/CD45-cells ( Fig. 1 ). Freshly isolated bone marrow cells from P5-7 long bones contained a high percentage of CD45+ and Sca1+/CD45-, CD90+/CD45-, and CD117+/CD45-cells (Fig. 1b ). The selection of CD90, CD117, and Sca-1 as markers for an MSC-like population in the present study was based on their expression in murine MSCs (Bobis et al., 2006; Eslaminejad et al., 2007; Nadri et al., 2007; Popp et al., 2009; Nemeth et al., 2010) , while STRO-1 antibody was excluded due to controversial specificity for mouse tissue (Kemoun et al., 2007) .
When placed in primary cultures, DPs from unerupted incisors proliferated rapidly and reached confluence at around day 7 (Table) . Mineralization was detected 3 days after the addition of mineralization-inducing media and increased thereafter (Figs. 2a, 2b) . At days 14 and 21, the entire culture dish was covered by mineralized tissue (Figs. 2a, 2b) .
RT-PCR analysis showed expression of markers of mineralization, including DSPP, in these cultures (Fig. 2c ). Immunocytochemical analysis with anti-DSP antibody showed expression of DSP in some, but not all, mineralized nodules in these cultures (Fig. 2dA ), indicating that cultures contained both dentin-like and bone-like matrices, consistent with our previous observations (Braut et al., 2003; Balic et al., 2010) .
Under these conditions, the non-hematopoietic attached cells from bone marrow proliferated and reached an optimal density at day 7 (Table) . BMSC cultures from P5-7 and P18-21 mice displayed patchy distributions of the mineralized nodules ( Fig.  2a ) and did not express DSPP and DSP (Fig. 2c ).
Next we examined the adipogenic and chondrogenic potentials of DPs from unerupted incisors. Under the various adipogenic conditions used in our study, BMSC cultures differentiated into a significant number of mature adipocytes, as evidenced by ORO staining and the expression of PPARg2 and FABP4 after 14 days, which increased after 3 wks 3b) . This is consistent with previous observations (Muruganandan et al., 2009 ). The lack of detectable ORO staining and the lack of expression of PPARg2 and FABP4 in 3-to 7-week-old cultures from unerupted incisors grown under various adipogenicinducing media indicated the inability of these cells to undergo adipogenesis 3b, and unpublished observations) .
Chondrogenic differentiation was analyzed in a micromass culture system with and without the addition of TGF-β3. Extensive chondrogenic differentiation assayed by Alcian Blue staining and the expression of C012a1 and Sox9 was detected in micromass cultures derived from BMSCs after 10 days (Figs. 3aD, 3c) and is consistent with previous observations (Mina et al., 1994; Koelling and Miosge, 2009; Balic et al., 2010) . However, chondrogenic differentiation was not detected in DP cultures from unerupted incisors (Figs. 3aH, 3c) . Addition of media supplemented with TGF-β3 enhanced the chondrogenesis in BMSC micromass cultures, but did not induce chondrogenic differentiation by DP from unerupted incisors (unpublished observations). These observations together showed the inability of DP from unerupted incisors to differentiate into adipocytes and chondrocytes.
Characterization of Dental Pulp Cells from Erupted (P18-P21) Incisors
Our recent studies in murine molars showed distinct differences in the expression of cell-surface markers, cellularity, and the Figure 1a . Characterization of the expression of cell-surface markers. Flow cytometric analysis of the expression of CD45 (y axis) and CD90, CD117, and Sca-1 (X-axes) cell-surface markers in freshly isolated pulps from unerupted (P5-7) and erupted (P18-21) incisors. Approximately 0.5 -1 x 10 6 cells was incubated with pre-titrated antibodies (1:50-1:800), in the presence of rat Ig (when necessary), washed, and re-suspended in 300 µL of staining medium containing 1 µg/mL of PI (propidium iodide). Between 20,000 and 100,000 cells were used for analysis. Unstained dental pulp cells were used as a control. Figure 1c . Vascularization in dental pulp. Sections of incisors from P5-7 (A) and P18-21 (B) mice processed for CD31 immunohistochemistry. Note the increases in the numbers of blood vessels surrounded by CD31+ endothelial cells in pulps from P18-21 as compared with P5-7 mice. Insets in (A) and (B) represent higher magnification of blood vessels showing CD31+ in the endothelial lining of blood vessels. Scale bar = 100 µm. differentiation potentials of DPs from erupted and unerupted molars (Balic et al., 2010) . To examine the changes associated with eruption in incisors, we next characterized the DPs from erupted mandibular incisors from P18-P21. DPs isolated from erupted mandibular incisors contained approximately 4.7 x 10 5 ± 0.1 cells per tooth (n = 3), indicating no significant changes in the cellularity of DPs in erupted and unerupted incisors. DPs from erupted incisors contained significantly higher percentages of CD45+ cells, more blood vessels, lower percentages of CD90+/ CD45-and CD117+/CD45-cells, and no significant changes in the percentages of Sca1+/CD45cells ( Fig. 1) . These observations indicated that eruption of the incisors was associated with increases in vascularity and decreases in CD90+ and CD117+ expression. The percentages of various markers in freshly isolated bone marrow cells from P18-21 mice were similar to those in P5-7 mice (Fig. 1b) . DPs from erupted incisors proliferated and reached cell numbers similar to those in cultures from unerupted incisors at day 7 (Table) . The onset and the extent of mineralization, as well as expression of DSPP and DSP in these cultures, were similar to those from unerupted incisors ( Figs. 2E-2H , unpublished observations). Chondrogenic and adipogenic assays showed the inability of DP from erupted incisors to differentiate into adipocytes and chondrocytes (Fig. 3) .
DISCuSSIOn
The results of the present study showed that pulps from unerupted incisors contained few blood vessels, little CD45+, and a high representation of CD90+/CD45and CD117+/CD45-cells. Primary cultures derived from pulps of Figure 2a . Mineralization potential of primary cultures derived from dental pulps, and BMSCs from P5-7 and P18-21 mice. von Kossa staining of primary cultures derived from dental pulp (A-H) and bone marrow (I-P) of (P5-7) (A-D and I-L) and (P18-21) (E-H and M-P) mice at various time-points. Cells derived from dental pulps were plated at a density of 520 cells/mm 2 . BMSCs were prepared from femurs and tibiae and plated at a density of 5200 cells/mm 2 . All cultures were grown first in media containing DMEM, 20% FBS, 40 U/mL of penicillin, and 40 µg/mL of streptomycin, 0.1 mg/ mL of Fungizone, and 2 mM glutamine at 37°C and 5% CO 2 . Three days later, medium was changed to medium containing 10% FBS. Mineralization was induced in all cultures by the addition of media containing αMEM, 10% FCS, 40 U/mL penicillin, 40 µg/mL streptomycin, 50 µg/mL ascorbic acid, and 4 mM β-glycerol phosphate to confluent cultures (around day 7). Note that in all cultures the first sign of mineralization was at day 10, with increases thereafter. Note the sheet of mineralized tissue in cultures derived from incisor pulps and patchy distribution of mineralized nodules in BMSC cultures. Figure 2b . Quantification of von Kossa staining in cultures from dental pulp cells and bone marrow at different time-points. von Kossa staining was performed at days 10, 14, and 21. Area of the culture plate covered with stained mineralized tissue was quantified by Photoshop and ImageJ programs. Bars represent the percentage of area of von Kossa staining within the culture dish. Values represent mean ± SE from duplicate plates from 3 independent experiments. Figure 2c . RT-PCR analysis of the expression of selected known markers for early (Col1a1) and late stages of mineralization and odontoblast differentiation (BSP, DMP1, OC, and DSPP) in dental pulp and BMSC cultures from P5-7 mice at various time-points At day 7, prior to the addition of mineralization media, high levels of Col1a1 were detected in pulp and BMSC cultures. BSP, DMP1, and OC were not detected at day 7 and were detected at low levels at day 14 with increases at day 21. Note that DSPP expression was not detected in BMSCs cultures at any time-points. Figure  2d . Epifluorescence images of 14-day-old primary dental pulp (A-D), BMSCs (E, F), and NIH3T3 (G, H) cultures stained with anti-DSP (A, E, G), rabbit serum (C), and Hoechst 33342 dye (B, D, F, H). Cultures were fixed with 4% paraformaldehyde, blocked with 3% milk, and incubated with a 1:200 dilution of anti-DSP antibody and a 1:800 dilution of secondary Alexa Fluor 568 goat anti-rabbit antibody. Prior to being imaged, cultures were incubated with Hoechst 33342 dye (final concentration, 1 µg/mL) for detection of the nucleus. Cultures were examined and photographed by fluorescence microscopy and appropriate filters. Note that DSP expression in primary dental pulp cultures was detected in some (examples indicated by arrowheads), but not all, mineralized nodules (A). Note the lack of DSP expression in BMSC cultures (E) and NIH3T3 cells (G). Note the lack of staining in dental pulp culture incubated with rabbit serum (C). Scale bar = 100 µm. unerupted incisors exhibited extensive and rapid in vitro mineralization and the inability to differentiate into adipocytes and chondrocytes. The behavior of the cells isolated from unerupted murine incisors was similar to that of those in unerupted molars (Balic et al., 2010) . Our further analysis showed that pulps from erupted incisors displayed increased vascularization and a significantly higher percentage of CD45+, but lower percentages of CD90+ and CD117+ cells. Despite these changes, the cellularity and differentiation potentials of primary cultures from DPs of erupted incisors were similar to those of unerupted incisors. Thus, the behavior of cells isolated from erupted incisors was different from that of those in erupted molars and similar to that of those in unerupted molars (Balic et al., 2010) . DPs of the erupted molars exhibited reductions in the osteo-dentinogenic potential and contained a small fraction of cells capable of differentiation into adipocytes and chondrocytes that was infrequent and dependent on a long induction period.
Based on these findings, we propose that DPs of both unerupted and erupted incisors are enriched in a progenitor population and may not contain stem cells and/or an MSC-like population. The progenitor population in the incisor pulps includes the dental papilla underlying the inner enamel epithelium and the mesenchyme surrounding the cervical loops on the labial and lingual sides expressing Fgf3 and Fgf10. In the continuously erupting incisors, this population is sustained throughout the life of the animal and is engaged in the formation of odontoblasts and dentin that is necessary for keeping up with the wear at the incisor edges and in supporting the epithelial stem cells in the cervical loops. Several studies have shown redundant and essential roles for FGF3 and FGF10 in regulating the proliferation of mesenchymal cells in dental papilla, and the self-renewal and differentiation of the epithelial stem cells in the cervical loops of incisors (Harada et al., 2002; Wang et al., 2007) . It is also known that ameloblast differentiation from inner enamel epithelium is dependent on the formation of predentin produced by functional odontoblasts derived from nearby dental papilla cells (Thesleff and Åberg, 1997) .
Our observations in mice are different from those of studies which showed that DPs from adult rat incisors are capable of odontogenic, osteogenic, chondrogenic, neurogenic, adipogenic, and myogenic differentiation (Yu et al., 2006; Yang et al., 2007a Yang et al., ,b, 2009 Sasaki et al., 2008; Ma et al., 2009; Patel et al., 2009; Alge et al., 2010) . Yang and colleagues showed that the multipotent differentiation resides in the STRO-1+ population, constituting 0.5% of the rat pulp cells (Yang et al., 2007a,b, Figure 3b . RT-PCR analysis of expression of FABP4 and PPARγ2, markers of adipogenesis in these cultures. Note the high levels of PPARγ2 and FABP4 expression in the BMSCs cultures after 7 wks. The expression of PPARγ2 and FABP4 was not detected in dental pulp cells derived from erupted and unerupted incisors after 7 wks. Figure 3c . RT-PCR analysis of expression of markers of chondrogenesis in micromass cultures. Col2a1 was expressed at high levels in micromass cultures established from BMSCs (14 days), but not in cultures derived from dental pulps from unerupted and erupted incisors (4 wks).
2009). Therefore, it is possible that, in our study, the differentiation of a minor MSC-like population in the erupted incisor cells was masked by the significant number of osteo/dentinogenic progenitor cells. To test this possibility, we are conducting further experiments to characterize the differentiation potentials of pericytes from murine molars and incisors using in vivo transplantation assays.
Our observations suggest that DPs of murine incisors contain a large population of committed progenitors and may contain a minor (if any) population of stem cells. The progenitor population in the incisors is similar to that in the unerupted molars, which consisted of the remaining dental papilla surrounding the cervical loops in the crown, and supports the notion that, during active tooth morphogenesis, DPs are primarily enriched in progenitor cells committed to the osteo/dentinogenic lineage and may not contain an MSC-like population or stem cells. It is important to note that reparative dentinogenesis in post-natal teeth, which is dependent on stem cells, occurs after tooth eruption and in the absence of dental papilla.
